ABSTRA CT The changes in serum calcium and the renal handling of this ion were evaluated during phosphate depletion. 96 renal clearance studies were carried out in 10 dogs before and after prolonged phosphate depletion (30-160 days) and after repletion. Depletion was produced by reducing phosphate intake and administering aluminum hydroxide gel while intakes of sodium, calcium, and magnesium were constant. With phosphate depletion, serum phosphorus fell to less than 1.0 mg/100 ml and diffusible serum calcium either remained unchanged or rose transiently. Glomerular filtration rate (GFR) fell by 15 to 53%. Despite the reduced filtered load of calcium, its fractional excretion increased in most experiments. This hypercalciuria was not dependent upon changes in sodium or magnesium excretion, or the urinary concentration of complexing anions, and persisted after sodium restriction. Phosphate repletion reversed the effects on GFR and calcium excretion. The intravenous infusion of small quantities of phosphate (0.04 mmole/min) into either intact or thyroparathyroidectomized (T-PTX), phosphate-depleted animals caused a significant reduction in fractional excretion of calcium, but the intrarenal infusion of 0.02 mmole/min of phosphate into one kidney failed to produce an ipsilateral effect. The administration of parathyroid extract reduced fractional calcium excretion, but the latter remained significantly elevated. After T-PTX, fractional calcium excretion did not increase in the phosphate-depleted animals. Furthermore, serum calcium was normal after T-PTX until serum phosphorus increased slightly, and 
INTRODUCTION
A clinical entity of phosphate depletion, characterized by weakness, anorexia, malaise, and bone pain, has been described after the long-term use of antacids which render phosphate nonabsorbable in the gastrointestinal tract (1) . Among the abnormalities observed during phosphate depletion are demineralization of bone and a marked negative calcium balance primarily caused by increased urinary losses. Such a marked increase in urinary calcium excretion has been reported during phosphate depletion in humans (1, 2) , sheep (3) , and rats (4) . Conversely, the acute administration of phosphate causes a significant reduction in urinary calcium (5) (6) (7) (8) (9) . The mechanism through which phosphate affects the renal handling of calcium have not been well delineated.
Urinary calcium represents the difference between the quantity filtered in the glomeruli and that reabsorbed by the renal tubules (10) ; an increase in the filtered load of calcium and/or a decrease in the renal tubular reabsorption can produce hypercalciuria. Several hor- The Journal of Clinical Investigation Volume 49 1970 4 4 Vitamin fortification mixture,* g 20 20 2) Mineral mixture, g 48 48 II. Each 100 g mineral mixture contains: NaCl monal or nonhormonal factors affect the rate of urinary calcium excretion: an augmentation in sodium excretion, produced by volume expansion (11) (12) (13) , osmotic agents (14) , and various diuretics (14) (15) (16) , is associated with calciuresis. Acute (17, 18) and chronic (19, 20) increases in urinary magnesium and an increment in the urinary excretion of complexing anions, such as citrate (21) , sulphate (22) , and gluconate (23) , also augment the rate of calcium excretion. The administration of parathyroid extract enhances the renal tubular reabsorption of calcium (24) (25) (26) (27) , and parathyroidectomy is followed by a rise in the renal clearance of calcium (24) . Calcium excretion is also heightened under the longterm effect of excess mineralocorticoids (28, 29) . Phosphate depletion also may affect the level of serum
calcium. An elevation of the concentration of serum calcium was reported in puppies (30) and rats (31) ; furthermore, Lotz, Zisman, and Bartter reported an increase of blood calcium levels to normal in hypoparathyroid humans after phosphate depletion (1 44 . Control clearances were obtained immediately before and during the surgical procedure, the thyroid and the parathyroid glands were then removed, and clearance observations were extended for 270-300 min after the removal of the glands. Two animals died within 24 hr after surgery, and the other three were maintained on the low phosphate diet for 35-90 days after T-PTX. 11 clearance studies were carried out in the phosphate-depleted T-PTX dogs in the unanesthetized state in a manner similar to that described above. The effect of an intravenous infusion of phosphate (0.04 mmole/min) was evaluated in five experiments in the same manner as carried out before T-PTX. In addition, blood samples were obtained in the fasting state on 3-5 days each week after T-PTX for the measurement of serum calcium and phosphorus. On three occasions in one dog (No. 10) and on one occasion in the other two (Nos. 5 and 9), aluminum hydroxide gel was withheld and an oral neutral potassium phosphate solution (Hyper-Phos-K, supplied courtesy of Dr. A. Wolbarsht of the Davies Rose & Co., Ltd., Boston, Mass.) was given for 2-4 days to provide an additional 1000 mg of phosphorus per day.
In four intact, phosphate-depleted animals, the effect of an intrarenal infusion of a small amount of phosphate was evaluated. Anesthesia and the state of hydration and respiration were regulated in a manner similar to that carried out during thyroparathyroidectomy. Both ureters were exposed via a suprapubic incision and catheterized with polyethylene catheters. The left kidney and left renal artery were approached through a flank incision, and a I inch, 26 gauge, hubless needle was inserted into the left renal artery 2-3 cm distal to its origin from the aorta and directed toward the latter. Saline (0.85%o) was infused into the renal artery at a rate of 0.066 ml/min both during a stabilization period of 60-90 min after the manipulation of the renal artery and while three to four control clearance periods of 10-15 min duration were collected simultaneously from the separate kidneys. The saline solution was then replaced with a neutral phosphate solution in saline which was infused at the same rate and delivered 0.02 mmole of phosphorus per min. Clearance periods of 3-10 min duration were then obtained simultaneously from each kidney for an additional 80-90 min. Blood samples were obtained at 10-to 15-min intervals from the right femoral artery, and the concentrations of calcium, sodium, and creatinine in arterial blood were used to calculate the clearances from both kidneys. Blood The relation between serum levels of diffusible calcium and the level of serum phosphorus during phosphate depletion. Each data point represents the mean of two determinations during base line measurements in a single experiment. Low Na indicates data after 5 days of sodium restriction and T-PTX, those after thyroparathyroidectomy.
cium and sodium are shown in Table II , and additional base line clearance studies during phosphate depletion (17 experiments) are shown as "control" data in Tables IV and V. In each animal, there was a fall in GFR, ranging from 14 to 53%, during phosphate depletion; with subsequent phosphate repletion, GFR rose sig- 20. 15.
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cc, -ex 100 5C nificantly in two of the three animals which were so studied (dog Nos. 6 and 7).
In 5 of the 10 animals (Nos. 5-7, 9, 10), serum calcium rose by 1 to 2.5 mg/10( ml during phosphate depletion, although the calcium concentration returned to normal in most instances despite continued phosphate depletion and hypophosphatemia. The relationship between diffusible calcium level and phosphorus concentration in sera for the entire population, including eight studies carried out in the early phases of phosphate depletion, which were not included in Tables II, IV , and V, is shown in Fig. 1 Fig. 2 for all experiments. The percentage of filtered calcium excreted increased from control values of 0.35 +0.14% (mean ±SE) to 3.61 ±0.64% (P < 0.001) with serum phosphorus levels between 1.0 and 2.0 mg/ 100 ml, and to 5.32 ±0.65% (P < 0.001) with serum phosphorus levels less than 1.0 mg/100 ml. In five phosphate-depleted dogs evaluated after dietary restriction of sodium, the fractional excretion of calcium was similar (Fig. 2) . With phosphate repletion, the per cent of filtered calcium excreted decreased to 0.77 ±0.19%, values not different from those observed before phosphate depletion (P = 0.1).
During phosphate depletion, there was neither a significant nor consistent change in serum sodium concentration, urinary sodium excretion (Table II) , or in the per cent of filtered sodium excreted (Fig. 3) . Phosphate depletion was not associated with any consistent change in serum magnesium levels, although the fractional excretion of magnesium increased in some of the experiments (Fig. 4) . Furthermore, the increases in urinary calcium concentration which occurred during phosphate depletion were independent of changes in the concentration of citrate in the urine of the three dogs in which the latter was measured. 3, 6) and was unchanged in the others, and the fraction of the filtered calcium excreted decreased in each instance; however, the latter remained above 1% in all but one experiment. Serum calcium increased only slightly in three of such studies; however, when four dogs (Nos. 2, 3, 9, 10) were given larger quantities of PTE for a longer period of time, serum calcium increased by 2.5, 3.1, 1.5, and 1.3 mg/100 ml, respectively.
The acute effect of thyroparathyroidectomy (T-PTX) on the renal handling of calcium in the phosphate-depleted dogs is summarized in Table VI . Unlike the definite increase in fractional excretion of calcium reported in normal dogs after T-PTX (24), there was either a decrease or no change in the fractional excretion of calcium in phosphate-depleted dogs. In three T-PTX animals which were maintained on the phosphate depletion regimen, augmented urinary calcium and high fractional excretion of filtered calcium persisted at levels comparable to those noted before removal of the parathyroid glands (Fig. 2) .
After T-PTX, serum calcium level was entirely dependent upon the concentration of serum phosphorus. Serum calcium remained normal as long as marked hypophosphatemia persisted, but, whenever serum phosphorus rose either spontaneously or after the oral administration of phosphate, marked hypocalcemia and tetany appeared (Fig. 6 ). The inverse relationship be- (Table VII) .
DISCUSSION
The results of the present study indicate that phosphate depletion in the dog, as in other species (1) (2) (3) (4) , is associated with increased urinary calcium. The augmented urinary calcium, which was present in most experiments, occurred despite a definite and significant fall in its filtered load, indicating that the tubular reabsorption of calcium is reduced. The observations of the present study further demonstrate that the increase in calcium excretion is not related to changes in the renal excretion of other ions. First, a reduction in the tubular reabsorption of calcium has been shown to occur under circumstances which depress the renal reabsorption of sodium (11) (12) (13) (14) . In the present study, hypercalciuria occurred in the absence of consistent changes in the renal excretion of sodium. In a few instances, the percentage of filtered sodium excreted was increased during phosphate depletion; however, this change was of a small magnitude and the simultaneous augmentation in calcium excretion was disproportionately greater. Second, urinary calcium also increases with the augmented magnesium excretion caused by magnesium loading (17) (18) (19) (20) . In the studies carried out in humans by Lotz et al. (1) , phosphate depletion was induced using magnesium-aluminum-hy- Control indicates the mean of 3-4 periods collected before the injection of parathyroid extract and PTE indicates the mean of 3-4 periods collected after the intramuscular injection of Lilly parathyroid extract, 100 U each hour X 3. Duration of diet indicates the number of days on the low phosphate diet. Abbreviations: 'Ccr = exogenous creatinine clearance, Sp = serum phosphorus, Sc. = serum calcium, Diff. = diffusible, Fca = filtered calcium, UcaV = urinary calcium, Cca = clearance of diffusible calcium, UN.V = urinary sodium, and CN. = clearance-of sodium. * This study was carried out during a second period of phosphate depletion which followed phosphate repletion. droxide, raising the possibility that the increased magnesium intake might underlie the hypercalciuria. In the present study, the phosphate-binding antacid contained no magnesium, and dietary magnesium intake was the same during control periods and phosphate depletion. (39) . The persistence of hypercalciuria when phosphate-depleted animals received a salt-free diet would vitiate the possibility that expansion of extracellular fluid volume due to an excess of mineralocorticoids could cause the hypercalciuria.
A reduction in the activity of the parathyroid glands leads to a decreased renal tubular reabsorption of calcium (24) . There are several features of phosphate depletion which suggest that the activity of the parathyroid glands is inhibited. It has been shown that hypoplasia of these glands occurs in rats after the intake of a diet deficient in its phosphate content (40) . During phosphate restriction, inhibition of the parathyroid glands is probably caused by the elevation of serum calcium, a feature which has been clearly observed in certain animal models of phosphate depletion (30, 31) and was transiently noted in certain dogs in the present study. (45) also demonstrated that increased resorption of bone produced by an acute decrease in the ionized calcium concentration of blood was associated with phosphaturia in the absence of the parathyroid glands and despite a fall in the level of blood phosphorus.
It is reasonable to postulate that events associated with an increase in bone reabsorption produced by hypophosphatemia might contribute to increased urinary calcium excretion during phosphate depletion. The nature of such possible events are not elucidated by the present study.
An increase in absorption of calcium in the gastrointestinal tract may be associated with augmented renal calcium excretion. Controversy exists concerning the effect of phosphate depletion on calcium absorption; thus, increased absorption has been reported to occur in some humans (1) while a reduction in calcium absorption has been noted in rats (4) and sheep (47) . Freeman and McLean (30) suggested that calcium absorption may be increased in puppies during phosphate depletion, but they did not provide evidence to support this. Even if enhanced gastrointestinal calcium absorption occurs during phosphate depletion, this may only partly account for the hypercalciuria since both in humans (1) and animals (4, 44, 48) there is markedly negative calcium balance.
The demonstration that glomerular filtration rate fell in each animal with phosphate depletion and returned to control levels after phosphate repletion deserves special comment. Lotz et al. (1) reported no change in inulin clearance after phosphate depletion in two patients; however, their serum phosphorus levels were normal, which may indicate that phosphate depletion was only mild. In a patient studied in our laboratory (unpublished data) endogenous creatinine clearance fell significantly during phosphate depletion and increased promptly with phosphate repletion. The mechanism(s) responsible for the reduction in glomerular filtration rate are not clear. It is unlikely that structural damage to the kidney due to transient hypercalcemia or persistent hypercalciuria, per se, is responsible. Chronic impairment of renal function due to hypercalcemia (49) or hypercalciuria (50) is associated with deposition of calcium in the kidney and often with areas of scarring. Histological evaluation of the kidneys from the phosphate-depleted dogs of the present study was entirely normal, and the calcium contents of both renal cortex and medulla were normal in the two animals where these measurements were made. The return of GFR to normal with phosphate repletion further supports a functional nature of this abnormality. Alterations in renal hemodynamics and/or cardiac output possibly produced by phosphate depletion, per se, may provide an alternative explanation.
